Multidrug resistance to streptomycin, sulfonamide, and tetracycline (AMR-SSuT) was identified in 156 of 171 isolates of Escherichia coli O157:H7 of phage types 23, 45, and 67. In 154 AMR-SSuT isolates, resistance was encoded by strA, strB, sul2, and tet(B), which in 59 of 63 tested isolates were found clustered together on the chromosome within the cdiA locus.
Shiga toxin (Stx)-producing Escherichia coli (STEC) O157:H7 (STEC O157) is the most prominent STEC serotype, causing hemorrhagic colitis and hemolytic-uremic syndrome in many countries (12) . Cattle colonized with STEC O157 are important animal reservoirs of this zoonotic pathogen, which is frequently transmitted to humans through manure-contaminated foods, water, and other environmental sources (12) . Factors that enhance the survival of STEC O157 in cattle and the cattle-rearing environment may contribute to increased frequency and transmission among cattle (26, 30) .
Antimicrobial resistance (AMR) can potentially contribute to enhanced survival of STEC O157 in cattle, particularly under intensive rearing conditions where antimicrobials are frequently used therapeutically and for disease prevention and growth promotion (7, 21) . AMR in STEC O157 may also be relevant clinically, although antimicrobial therapy in STECinfected patients remains controversial (11, 25) . While uncommon in early investigations (5, 16) , AMR in STEC O157 isolates is increasing, with the most common being single-drug or most often multidrug resistance to streptomycin, sulfonamide, and tetracycline (AMR-SSuT) (2, 16, 22, 24, 27, 29, 30) . The high frequency of AMR-SSuT reported among STEC O157 isolates may in part reflect the common use of these antibiotics for growth promotion and disease prevention in food animals (2, 3, 6, 9) . However, AMR may persist in the absence of these antimicrobials if the resistance genes are linked with genes conferring a selective advantage in a specific niche, as exemplified by an increase in AMR-SSuT calf fecal E. coli following the use of a dietary supplement with or without oxytetracycline (14) .
Our recent phenotypic AMR tests of 187 Canadian STEC O157 isolates (30) revealed that while most were susceptible to many antibiotics, 45 (24%) had only AMR-SSuT. Forty-three of these belonged to only 3 of the 17 tested phage types (PTs), namely, PTs 23, 45, and 67, strongly suggesting a PT bias to AMR-SSuT. A possible PT bias to AMR-SSuT has also been noted in Spanish STEC O157 isolates of PTs 2, 21/28, 23, 26, 32, 45, and 54 (22) ; although five of these PTs were represented by Յ10 strains, most isolates were also resistant to other antimicrobials, and the frequency of AMR-SSuT was generally lower than the Ͼ95% found in our study (30) . Due to the low numbers of AMR-SSuT strains in our initial study and the lack of investigation of the genetic basis for AMR-SSuT in both studies, we tested a larger collection of Canadian isolates of PTs 23, 45, and 67. Our objectives were to confirm a PT bias to AMR-SSuT in these PTs and, if confirmed, to determine the nature and location of the genes encoding this multidrug resistance.
Bacterial strains and AMR. The 171 STEC O157 strains of PTs 23, 45, and 67 for investigation were submitted to the National Microbiology Laboratory and the Laboratory for Foodborne Zoonoses from nine Canadian provinces between 1993 and 2007. They were mostly epidemiologically unrelated and comprised 104 PT 23 strains (79 human, 24 bovine, 1 environmental), 50 PT 45 strains (41 human, 9 bovine), and 17 PT 67 strains (2 human, 8 bovine, 7 environmental). Phage types were confirmed as described previously (15) . Genotyping by the lineage-specific polymorphism assay (LSPA-6) (28) classified all the strains as E. coli O157:H7 lineage II (17) . All strains were tested for sulfonamide, tetracycline, ␤-lactam, and aminoglycoside resistance genes by PCR (18) and phenotypically for susceptibility to SSuT and 13 other antimicrobials by broth microdilution testing (Sensititer; TREK Diagnostic Systems, Inc., Cleveland, OH) (18) . The breakpoint for streptomycin was set at 32 g/ml (4). Overall, phenotypic AMR-SSuT was evident in 156 (91.2%) of the 171 strains and in 88.5 to 100% of individual PT 23, 45, and 67 strains (Table 1) , confirming the high frequency of this AMR profile among strains of these PTs (30) . Resistance to other antimicrobials was infrequent (data not shown). The concordance between phenotypic AMR results and PCR detection of SSuT genes was 100% (Table 1) . Notably, in 154 (99%) of the 156 resistant isolates, phenotypic AMR-SSuT was associated with the presence of strA, strB, sul2, and tet(B), a gene combination found in other E. coli isolates (4, 10, 13). The remaining two AMRSSuT strains had aadA, sul1, and tet(A), a combination of genes also reported in STEC by others (20, 29) .
Location of resistance genes. The location of the resistance genes was investigated by Southern hybridization. Briefly, genomic DNA from two AMR-SSuT strains of each PT and the appropriate controls (18) was extracted using the BioRobot EZ1 (Qiagen, Hilden, Germany) with the EZ1 DNA kit (Qiagen) and digested with an excess of restriction endonuclease EcoRI (New England BioLabs). Plasmid DNA was isolated from the same strains using the Qiagen minikit (Qiagen). Both DNAs were subjected to electrophoresis in a horizontal 0.7% agarose gel, transferred to nylon membranes, and probed with digoxigenin-labeled tet(B), strA, strB, and sul2 probes (19) . The blots revealed one discrete band with each probe in total genomic DNA but not in plasmid DNA (data not shown). Furthermore, the AMR-SSuT genes were present on a single 14.96-kb ClaI fragment (data not shown), indicating that they are clustered together.
Sequencing of SSuT resistance genes. The cluster of genes encoding AMR-SSuT was identified after cloning and sequencing of the 14.96-kb ClaI restriction fragment containing the AMR-SSuT genes from a PT 23 strain, EC20020119. The restriction fragments were cloned into E. coli DH10B using the BIG Easy V 2.0 linear cloning kit containing the pJAZZ-OK blunt vector (catalog number 43036-1; Lucigen Corporation, Middleton, WI). Transformants were tested by the disk diffusion method (Becton Dickinson and Company, Sparks, MD) (23) for resistance to tetracycline (30 g/ml) and sulfonamide (300 g/ml) but not for streptomycin resistance, which was present in the recipient strain E. coli DH10B. Small zones of inhibition of the transformants by tetracycline indicated they were less resistant to tetracycline than the donor strain EC20020119, which showed no zone of inhibition. Sequencing (Laboratory Services Division, University of Guelph, Canada) of a fragment generated by primer walking on the plasmid of one transformant revealed an insert containing the AMRSSuT gene cluster and 5 kb of flanking sequence to the right. The last 50 bases of tet(B) on the left side of the cloned fragment were missing, which may account for the lower tetracycline resistance of the transformants. A BLASTN search of the whole genome shotgun database (NCBI) identified a 99% match with the recently sequenced STEC O157 strain EC869, isolated in the United States (GenBank accession number NZ_ABHU01000020).
To ascertain if the regions flanking the AMR-SSuT gene cluster in our STEC O157 strains and EC869 were the same, primers designed from the EC869 sequence were used to create overlapping PCR products from strain EC20020119 that were subsequently sequenced. The sequenced 32.76-kb fragment of EC20020119 (GenBank accession number HQ018801) comprising the 12.47-kb AMR-SSuT gene cluster, 16 .55 kb of the right flanking region, and 3.6 kb of the left flanking region (Fig. 1) is 99% identical to that of the sequenced strain EC869. Analysis of the 32.76-kb region with Kodon (Applied Maths, Austin, TX) identified 40 potential open reading frames (ORFs). The ORFs included the AMR gene cluster (Fig. 1) , hypothetical proteins, and ORFs for truncated genes (pseudogenes) that included an adhesin, GTPase, and partial trans- (Fig. 1 ) revealed similarity to a SSuT resistance element in a commensal E. coli strain, although the order of the genes is slightly different (13) . This sequence was derived from an isolate representing bovine fecal commensal E. coli strains that have a similar and widespread AMR-SSuT (13) . Occurrence of the AMR gene cluster in STEC O157 PTs 23, 45, and 67. To determine if the AMR-SSuT gene cluster is similarly located in EC20020119 and other STEC O157 PT 23, 45, and 67 strains, restriction enzyme analysis was applied to amplicons of the AMR-SSuT and flanking regions of a subset of 63 of the original 171 strains. The amplicons were generated by two long-range PCRs (Expand Long Template PCR system; Roche). The two primer sets (Target 1 upper, CTAAAAGCC CTCACATTCCAGACCAC, and Target 1 lower, ACCGAG CAAGAGCGCGACACTAT; Target 2 upper, CGACAAAT AAACACCAGACAAAAG, and Target 2 lower, TCGAAAC TGACAGAAGATCAGAAG) were designed to amplify the entire AMR-SSuT gene cluster and the flanking regions (Fig.  1 ). Amplified products were purified (Montage PCR units; Millipore, Bedford, MA) and digested with HincII (New England BioLabs, Pickering, Ontario, Canada), and the restriction fragments of the two PCRs were separated by 1% agarose gel electrophoresis. Of the 63 isolates tested, 59 (94%) shared the same restriction profile as strain EC20020119, strongly suggesting that this AMR-SSuT gene cluster occurs at the same chromosomal location in STEC O157 of PTs 23, 45, and 67.
The PT bias suggests that the AMR-SSuT gene cluster could be selectively transferred to STEC O157 strains of these PTs only. However, this is improbable because the gene cluster is in precisely the same location in the chromosome in all three PTs, i.e., within the cdiA locus. It is more likely that the AMR-SSuT gene cluster was integrated stably into the chromosome before differentiation into these PTs. The lysis profiles of the 16 typing phages on PT 23, 45, and 67 strains are highly similar, and a clustering analysis of the phage lysis profiles of all 88 possible PTs shows that PTs 23, 45, and 67 cluster together (data not shown). These findings indicate a high degree of similarity among these PTs and support the likelihood of a strong evolutionary relationship. Classification of all isolates of these three PTs as LSPA-6 lineage II strains regardless of source further supports their relatedness. It also may indicate that the AMR-SSuT cluster is simply a marker for lineage II strains of PT 23, 45, and 67.
The AMR-SSuT identified in STEC O157 PTs 23, 45, and 67 possibly favors their persistence in cattle treated with these antimicrobials. However, mechanisms other than AMR clearly contribute to persistence in cattle, since isolates of STEC O157 PT 14, the most common PT isolated from humans and cattle (8) , are sensitive to most antimicrobials (30) . Also, as noted earlier, commensal E. coli with this AMR-SSuT may persist and thrive in the absence of these antimicrobials due to linkages of the AMR genes with others that confer advantages under specific conditions (14) . However, it is not known if STEC O157 strains with a similar AMR-SSuT gene cluster also thrive under conditions without antimicrobials. Nor is the frequency of AMR-SSuT known in all STEC O157 PTs. In our preliminary study (30) , we tested 17 of the 88 possible PTs of STEC O157, while those tested by Mora and others (22) included only seven additional PTs. Testing of other STEC O157 PTs would be required to determine if they possess the AMRSSuT gene cluster characterized in this report.
In summary, the present study confirms the high frequency (91%) of AMR-SSuT in Canadian STEC O157 strains of PTs 23, 45, and 67. In almost all strains, this resistance is encoded by chromosomally located strA, strB, sul2, and tet(B) genes that are clustered in a single AMR locus, probably located at the same site in the cdiA locus.
Nucleotide sequence accession number. The 32.76-kb fragment that was obtained from STEC O157 strain EC20020119 was deposited in GenBank (accession number HQ018801).
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